INTRODUCTION {#SEC1}
============

G-quadruplexes, or G4 structures, are four stranded nucleic acid structures formed by the circular Hoogsteen hydrogen bonding of four guanines forming a G-tetrad ([@B1]). DNA or RNA sequences containing four or more G-tracts (three or more guanines) fold intramolecularly to form G4 structures at physiological salt concentrations ([@B1],[@B2]). Studies have shown that G4 structures exist *in vivo* ([@B3],[@B4]) where they are involved in multiple biological processes including DNA replication, transcription, translation and telomere maintenance ([@B2]). Due to their high thermal and kinetic stability, G4 structures often present a physical barrier to various processes taking place on DNA and RNA ([@B5],[@B6]). *In vivo*, the G4 barrier is overcome by a set of helicases that can unfold G4 structures ([@B7]--[@B10]). Functionally defective mutants of some of these helicases have been reported to cause genome instability and are associated with various diseases ([@B10]).

RHAU helicase, also named G4 resolvase 1 (DHX36 gene product, or G4R1, from human) is a superfamily 2 DEAH-box helicase that plays a role in heart development ([@B11]), hematopoiesis ([@B12]) and spermatogenesis ([@B13]). RHAU was originally identified as a RNA helicase that binds RNA G4 with sub-nanomolar affinity ([@B14]--[@B17]). Human RHAU is the major source of G4 resolving activity in Hela cell lysates ([@B15],[@B16]). Unlike many other G4 helicases such as Pif1 and BLM that can also unfold DNA duplexes ([@B18],[@B19]), RHAU exhibits a strong preference of unfolding G4 structures ([@B15],[@B16]). It has been reported that RHAU regulates the metabolism of various RNAs containing G4-forming sequences, including telomerase RNA hTR ([@B20],[@B21]), several mRNAs such as YY1 ([@B22]), PITX1 ([@B23]), Nkx2-5 ([@B11]). RHAU has also been shown to bind DNA G4 with similar affinity to RNA and can unfold DNA G4 ([@B24]), which also has crucial biological functions. In addition, a recent study revealed that RHAU directly binds to the DNA G4 structures formed on the promoter region of *c-Kit*, facilitating its expression and regulating spermatogonia differentiation ([@B13]). Sequence analysis showed that almost all metazoan species have RHAU orthologues ([@B25]). Among these sequences, the *Drosophila melanogaster* protein CG9323 (hereafter referred as DmRHAU) was shown to have a specific G4 unfolding activity similar to that of the human RHAU ([@B25]).

The primary structure of RHAU consists of two RecA-like domains, which form the helicase core region ([@B14]) (Supplementary Figure S1). Like all superfamily 2 helicases, the adenosine triphosphate (ATP) binding and hydrolysis site of RHAU is predicted to be located at the interface cleft of the two RecA-like domains. A large part of the C-terminal domain of RHAU is conserved among all DEAH-box helicases and has an unknown function. RHAU helicase has a conserved G4 specific binding motif, the RHAU specific motif (RSM), located at the N-terminal extremity ([@B25]). A solution structure of the peptide from the N-terminal region of RHAU bound to a parallel DNA G4 showed the RSM motif to fold into an α-helix that recognizes the G4 by stacking on the surface of the outer G-tetrad of the G-quadruplex ([@B26]).

Previous biochemical studies showed that G4-unfolding by RHAU requires ATP hydrolysis ([@B16],[@B24]). It has been suggested that the ATPase cycle controls the conformation of a helicase and its interaction with nucleic acids substrate by switching between different nucleotide bound states ([@B27]--[@B29]). For example, in its nucleotide-free state the hepatitis C virus (HCV) NS3 helicase binds to single-strand DNA (ssDNA) substrates with nano-molar affinity, switching to a 100-fold weaker binding in the presence of an ATP analog ([@B27]). Such a change in affinity is crucial for the translocation of NS3 along the single-stranded nucleic acid ([@B27]). Another example is that several DEAD-box helicases show different unwinding activity in the presence of different ATP analogues that mimic different states in ATPase cycle and the results suggest that ATP binding but not the hydrolysis is necessary for the unwinding activity of these helicases ([@B28]). A recent study of human RHAU showed the G4 unfolding rate, but not the ATPase rate to be inversely correlated with the stability of the G4 substrate ([@B30]). However, it remains unclear how RHAU\'s G4 unfolding activity is coupled to the different stages along an ATPase cycle.

It has been experimentally demonstrated that the G4 unfolding activity of RHAU requires the recognition of the G4 structure by the N-terminal RSM domain ([@B25]). However, the isolated RSM peptide binds to G4 with micromolar affinity, much weaker than the sub-nanomolar G4 binding affinity observed for the full length human RHAU ([@B26]). This observation raises the question whether another domain in RHAU participates in G4 binding. In addition, RHAU likely interacts with ssDNA/ssRNA through the nucleic acid-binding cavity formed by the two RecA domains and the conserved C-terminal domain, as suggested by a recent X-ray crystallographic structure of MLE bound to a ssRNA, a closely related DEAH-box helicase ([@B29]). However, whether such ssDNA/ssRNA binding is needed for stable binding to G4 is unknown.

The lack of knowledge of how RHAU\'s G4 unfolding activity is coupled to different stages in one ATPase cycle and how it is affected by its nucleic acids substrate binding has hindered our understanding of the mechanism by which RHAU unfolds G4 structures. To address these questions, we have investigated different nucleotide bound states of DmRHAU, the specific contribution of the RSM domain as well as the effect of a ssDNA tail preceding the G4 on G4 binding and unfolding. Contrary to the unwinding activity of helicases measured in previous bulk assay mainly based on analyzing unwound products ([@B25]), our studies are based on the mechanical manipulation of a single G4 molecules using magnetic tweezers. This approach is able to detect the dynamics of G4 unfolding with high spatial and temporal resolutions ([@B6],[@B31]). Our results suggest that the ability of RHAU to destabilize G4s is regulated by different nucleotide bound states in an ATPase cycle, and is crucially dependent on the interaction with ssDNA as well as with the G4 specifically through the RSM domain of RHAU.

MATERIALS AND METHODS {#SEC2}
=====================

DNA and protein preparations {#SEC2-1}
----------------------------

All oligonucleotides were purchased from Integrated DNA Technology. The G4 forming ssDNA sequences were ligated with 5′-thiol labeled 489 bp and 5′-biotin labeled 601 bp dsDNA prepared by polymerase chain reaction as described previously ([@B6],[@B32]). The ligated products were purified by gel extraction with PureLink kit (Invitrogen). More details of the DNA constructs are included in Supplementary Data. All recombinant *Drosophila melanogaster* and human RHAU proteins were expressed in *Escherichia coli* and purified to homogeneity as described previously ([@B24]). The resulting proteins were judged to be \>95% pure by SDS-PAGE analysis. The concentration of the proteins was determined spectrophotometrically. The G4 unwinding activity of each batch of purified recombinant DmRHAU was assayed on a tetramolecular G4 DNA substrate and by analyzing the reaction products by native PAGE (data not shown).

Single-molecule magnetic tweezers {#SEC2-2}
---------------------------------

A flow chamber was constructed on a (3-Aminopropyl) triethoxy silane (APTES; Sigma-Aldrich) functionalized coverslip. The thiol-end of DNA was covalently attached to the amine group of APTES via a sulfo-SMCC crosslinker (Thermo Scientific). The chamber was then blocked with a bovine serum albumin (BSA) solution (10 mg/ml BSA, 1 mM 2-mercaptoethanol, 1 × phosphate buffered saline pH 7.4 buffer) before introducing 2.8 μm-diameter streptavidin-coated paramagnetic beads (Dynal M-280, Life technologies). Unwinding assays were carried out at 23°C in a buffer composed of 10 mM Tris-HCl (pH8.0), 100 mM KCl, 2 mM MgCl~2~. The home-built magnetic tweezers were controlled by in-house-written LabVIEW program (National Instruments). The extension change of the construct was determined from the diffraction pattern of the bead recorded using a CCD camera that acquired ∼200 frames per second. Due to off-center attachment that often happens in magnetic tweezers experiments, which can cause bead rotation at different forces, the bead height difference between two different forces is not equal to the extension difference of the molecule ([@B31]). However, such rotation does not occur at the same force; therefore the height change at a constant force is equivalent to the extension change. Force was controlled by changing the distance between the permanent magnets and the flow chamber. The magnetic tweezers have a spatial resolution for bead stuck on surface of ∼2 nm, and the force calibration has a relative error of \<10% ([@B31]). More details of the magnetic tweezers design and force calibration were described in our previous publications ([@B31]).

ATPase assay {#SEC2-3}
------------

ATPase activity was measured using an ATP-regenerating system as previously reported ([@B33]). The ATPase assay were carried out at 23°C in a buffer contained 10 mM Tris-HCl (pH8.0), 100 mM KCl, 2 mM MgCl~2~, 0.2 mM NADH Roche 10107735001), 200 μg/ml pyruvate kinase from rabbit muscle (Roche 10128155001), 2.5 mM Phosho(enol) pyruvic acid (Sigma P7252). First, 1 mM ATP was added to the solution, followed by different concentrations of DNA and finally 100 nM RHAU helicase to start the ATPase assay. The absorbance at 340 nm was measured using a Tecan Infinite F200 plate reader.

Nucleotides {#SEC2-4}
-----------

ATP (A2383), AMP-PNP (A2647), ADP (A2754) were purchased from Sigma-Aldrich. The ATP regenerating system \[200 μg/ml pyruvate kinase from rabbit muscle (Roche 10128155001), 2.5 mM Phosho(enol) pyruvic acid (Sigma P7252)\] was mixed with ATP before use of ATP. The ADP (Sigma A2754) solution was treated with hexokinase (Sigma H4502) and D-glucose (1st BASE) to remove the contaminating ATP as described previously ([@B34]). The ADP solution (80 mM) was incubated with 200 mM D-glucose, 2 mM MgCl~2~, 0.04 U/μl hexokinase (Sigma H4502-500UN) in room temperature for 2 h. After incubation, the enzyme was eliminated from these solution using a Amicon Ultra-0.5 column. The ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$ was prepared by incubating 10 mM ATP-depleted ADP, 50 mM NaF (Sigma 67414) and 10 mM AlCl~3~ (Sigma 563919) as described previously ([@B35]).

RESULTS {#SEC3}
=======

DmRHAU binding stabilizes the G4 structure and destabilizes it by hydrolyzing ATP {#SEC3-1}
---------------------------------------------------------------------------------

In the current study, DmRHAU was investigated based on its effects on the mechanical stability of a DNA G4 structure using single-molecule magnetic tweezers. To this end, we used the previously characterized intramolecularly folded parallel DNA G4 structure (Myc2345) formed on the c-*MYC* G4 forming sequence ([@B6]). A parallel-stranded G4 structure was used because previous study suggested that RHAU has a strong preferential binding to parallel-stranded DNA and RNA G4s ([@B26]). The DNA used in the magnetic tweezers experiments consisted of a single-stranded Myc2345 DNA sequence, d(GGGT GGGGA GGGT GGGG), spanned between two dsDNA handles and tethered between a coverslip surface and a streptavidin-coated paramagnetic bead (Figure [1A](#F1){ref-type="fig"}). Force was applied to the molecule through the bead by a pair of magnets, with the force level controlled by adjusting the distance of the magnets from the bead. Since previous studies had suggested that a 3′ ssDNA/ssRNA tail can usually facilitate DEAH-box helicase unwinding activity ([@B36],[@B37]), we introduced a 15-nt single-stranded thymine tail (T-tail) at the 3′ end of the G4 forming sequence to facilitate DmRHAU\'s activity. Hereafter, we denote the construct of Myc2345 with the 15 nt T-tail by G4-15T. A 3-nt stretch was included at the 5′ side as a spacer between the G4 and the dsDNA handle.

![(**A**) Schematic of the magnetic tweezers setup and the G4-15T DNA construct. A Myc2345 ssDNA sequence (G4-15T, orange) is flanked by two dsDNA handles (489 bp and 601 bp, black) and is tethered between a paramagnetic bead and a coverslip. The magnified area shows the local region containing the G4-15T sequence folded into a G4 structure. (**B**) Representative time trace of the bead height change during force jump cycles between 1 pN and 54 pN measured without DmRHAU, with 10 nM DmRHAU but without ATP, and with both 10 nM DmRHAU and 1 mM ATP, as indicated in the figure panel. (**C**) Representative time trace of extension change of a G4 molecule (grey data) after jumping to 54 pN in several force-jump cycles taken from data in Figure [1B](#F1){ref-type="fig"}. The extensions corresponding to folded (F) and unfolded (U) G4 are also indicated; G4 unfolding events are indicated by arrows. (**D**) Representative time trace of extension change of a G4 molecule after jumping to 20 pN in several force-jump cycles of 1 pN (60 s) to 20 pN (60 s) to 54 pN (30 s), in the absence (left) and presence (right) of DmRHAU and ATP. Unfolding events are indicated by arrows. In (**C** and **D**), red traces are smoothed data using adjacent averages with a 0.5-s sliding window. (**E**) Histogram of the lifetime of G4-15T at 20 pN (110 data obtained from 10 independent molecules) in the presence of 10 nM DmRHAU and 1 mM ATP. (**F**) Force-extension curve of G4-15T in the absence (grey) and presence (pink) of DmRHAU. (**G**) Unfolding force distribution of G4-15T in the absence (grey) and presence (red) of DmRHAU and ATP.](gkw881fig1){#F1}

In order to characterize the unfolding kinetics of the intramolecularly folded G4-15T in a physiological KCl concentration, a force-jump assay was used ([@B6]). As shown in a representative trace of the bead height during four force-jump cycles (Figure [1B](#F1){ref-type="fig"} left panel), the force applied to the molecule was cycled between 54 pN for 30 s under which a folded G4-15T could be unfolded, and 1 pN for 60 s, under which an unfolded G4-15T could refold. The unfolding of G4-15T at 54 pN is indicated by a sudden increase in bead height of 8 ± 2 nm (n = 323, mean ± s.d.) from the coverslip surface (arrows). The probability that unfolding at 54 pN occurred during the 30 s holding time was calculated to be ∼94% from 345 cycles obtained in more than 20 independent experiments. The average lifetime of folded G4-15T at 54 pN was calculated to be τ = 6.4 ± 0.4 s from measured life time distribution (Supplementary Figure S2).

The effects of the DmRHAU on the unfolding kinetics of the G4-15T were probed using the same force-jump assay (Figure [1B](#F1){ref-type="fig"} middle and right panels). Figure [1C](#F1){ref-type="fig"} shows the zoom-in of Figure [1B](#F1){ref-type="fig"} (data in the dashed box) to highlight the extension change at 54 pN. Data corresponding to the first two cycles (Figure [1C](#F1){ref-type="fig"}, left two cycles) were obtained before DmRHAU was introduced, which shows unfolding steps of G4 alone within several seconds after jumping to 54 pN. After flowing in a solution of DmRHAU without ATP, the extension remained at the folded level throughout the 30 s holding time at 54 pN, indicating that DmRHAU strongly stabilizes the G4-15T structure against mechanical unfolding (Figure [1C](#F1){ref-type="fig"}, middle four cycles, also see Supplementary Figures S3 and S4 for the accuracy in assigning folded or unfolded states based on the bead height during the force-jump assay). The DmRHAU induced stabilizing effect is strong -- in five independent experiments, we never observed unfolding of the G4-15T at 54 pN within the longest holding time of 300 s.

After flowing in DmRHAU and ATP, the extension of the same molecule right after jumping from 1 pN to 54 pN corresponded to the level of unfolded G4-15T (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}, right four cycles). This result is in sharp contrast to the stabilized folded G4-15T by DmRHAU in the absence of ATP or to the naked folded G4-15T, which has a lifetime of a few seconds at 54 pN. It indicates that the G4-15T was in an unfolded state before the force was increased to 54 pN. Force cycle experiments in the presence of DmRHAU and ATP were repeated on 34 different molecules, each for an average of 10 cycles. In the majority of the experiments (n = 26), the G4-15T molecules were in an unfolded state prior to the jump to 54 pN in all cycles. However, it should be stressed that in five experiments, the G4-15T molecules remained in a stably folded conformation at 54 pN in all cycles. In the remaining three experiments, the G4-15T molecules were in an unfolded state prior to jumping to 54 pN in the initial a few cycles but then folded and remained folded in the rest of cycles (Supplementary Figure S5). The reason why in these eight experiments DmRHAU could not unfold the G4-15T molecules remains unclear. We reason that it may indicate the presence of some DmRHAU with impaired G4 unfolding activity, which binds and stabilizes the G4. The inactive DmRHAU has a low exchange rate with free DmRHAU in solution, thereby locking the G4 in a folded state for the whole holding time. However, overall, the results from the majority (76%) of these experiments suggest that DmRHAU was able to unfold G4-15T at low forces in the presence of ATP.

Under the employed experimental conditions, it is not possible to discern whether the G4-15T was unfolded during the holding of the molecule at 1 pN for 60 s, or during the force-jump to 54 pN. Our instrumental setup typically takes less than 0.5 s for the force to increase from 1 to 54 pN. However, this time-lapse is still sufficient for G4-15T to be unfolded during the force-increase procedure (before reaching 54 pN). To test these possibilities, we carried out new force-jump cycles between 1 pN for 60 s, 20 pN for 60 s, and finally 54 pN for 30 s. The highest force of 54 pN was used to ensure complete G4 unfolding at the end of each cycle. The extension change at 20 pN during the new force-jump cycles showed that in the absence of DmRHAU and ATP, the G4-15T remained in a folded state throughout the 60s holding time (Figure [1D](#F1){ref-type="fig"} left two cycles). After DmRHAU and ATP were added, the extension revealed G4 unfolding signals at 20 pN in more than half of the cycles, indicating that G4-15T was in the folded state at 1 pN before the force was increased to 20 pN (Figure [1D](#F1){ref-type="fig"}, right four cycles. See also Supplementary Figure S6 for more time traces). Unfolding of G4-15T after increasing to 20 pN was observed in 71 ± 7% (mean ± s.e.) of all force cycles obtained from multiple tethers (129 cycles, from 6 molecules). In the remaining ∼29% of cycles, G4 was in the unfolded state right after jumping to 20 pN. The lifetime histogram of G4-15T in the presence of DmRHAU and ATP at 20 pN showed single-exponential decay with an average lifetime of τ = 5.4 ± 0.7 s (mean ± s.e.)(Figure [1E](#F1){ref-type="fig"}). This value is one order of magnitude higher than the time needed to jump from 1 to 20 pN. Therefore, in the remaining 29% cycles, G4-15T should be in the unfolded state at 1 pN prior to force jump. The lifetime at 20 pN is also contrasts with the ∼9 × 10^3^ s lifetime of G4 alone (i.e. in the absence of DmRHAU) estimated at the same force (Supplementary information: 'Force-dependent unfolding of G4-15T') ([@B6]). Taken together, these results suggest that DmRHAU accelerates the unfolding rate of the G4 structure by three orders of magnitude at 20 pN.

To further confirm the stabilization and destabilization effects of DmRHAU on G4 structures, we also measured the unfolding force distribution of G4-15T using force-ramp measurements. Figure [1F](#F1){ref-type="fig"} shows representative force-extension curves for the same G4-15T before and after introduction of DmRHAU at a loading rate of 0.2 pN/s. The unfolding force distribution of G4-15T obtained from such loading rate study shows a single peak at ∼52 pN (Figure [1G](#F1){ref-type="fig"}, data in grey), similar to that obtained from the tail-less Myc2345 G4 (∼50 pN) measured in our previous study ([@B6]). In contrast, in all cases in the presence 10 nM DmRHAU, G4-15T remained folded during the force-increase scan up to 60 pN, indicating G4 stabilization by DmRHAU binding (Figure [1F](#F1){ref-type="fig"}, data in pink). Of note, the force was capped below 60 pN to avoid overstretching transition of the two dsDNA handles ([@B38]). In the presence of DmRHAU and ATP, the unfolding force distribution was significantly shifted to lower forces (Figure [1G](#F1){ref-type="fig"}, data in red), indicative of an ATP-dependent destabilization of G4 by DmRHAU (See also Supplementary Figure S7).

Based on these results, we conclude that DmRHAU stabilizes G4-15T in the absence of ATP, but destabilizes G4-15T in the presence of ATP. Similar results were obtained when these experiments were repeated using human RHAU (Supplementary Figure S8), suggesting that G4 stabilization and destabilization effects are conserved among RHAU helicases.

Effects of different nucleotide bound states on the destabilization of G4-15T by DmRHAU {#SEC3-2}
---------------------------------------------------------------------------------------

We next sought to investigate how the DmRHAU-dependent destabilization of the G4 structure is affected by different nucleotide bound states in a single ATPase cycle. To assess whether ATP binding causes destabilization, we used the force-jump assay to examine the stability of G4-15T in the presence of an ATPase-deficient mutant (DAIH) of DmRHAU. In this mutant, the Glu-279 residue within the Walker B motif (DEIH) was substituted with an alanine to abolish its ATPase activity. Using an NADH-coupled ATPase assay, we confirmed that the DAIH mutant was defective in ATPase activity while the wild-type DmRHAU showed pronounced a G4 stimulated ATPase activity (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}).

![ATP hydrolysis is required for G4 unwinding by DmRHAU. (**A** and **B**) NADH-coupled ATPase assay for (**A**) wild-type DmRHAU and (**B**) ATPase-deficient DAIH mutant in the presence and absence of 400 nM G4-15T (blue and red, respectively). Controls without DmRHAU are indicated by black data points. The steady-state ATP hydrolysis rates were determined from the slope of absorbance decrease at 340 nm. (**C**) Representative time trace of extension change of a G4-15T tether at 54 pN obtained in force-jump cycles of 1 pN (60 s) to 54 pN (30 s), before (left) and after (right) introduction of DAIH and ATP. (**D**) Representative time trace of extension change of a G4-15T tether at 54 pN obtained in force-jump cycles of 1 pN (60 s) to 54 pN (30 s), before (left) and after (right) introduction of DmRHAU and AMP-PNP.](gkw881fig2){#F2}

The force-jump assay showed that G4-15T remained folded throughout the 30 s holding time at 54 pN after introduction of the DAIH mutant and ATP (Figure [2C](#F2){ref-type="fig"}). This result indicates that the DAIH mutant could bind and stabilize G4-15T. However, in the presence of ATP, the DAIH mutant was unable to unfold the G4 (Figure [2C](#F2){ref-type="fig"}), similarly to the effect of DmRHAU binding without ATP. The same results were also obtained for wild-type DmRHAU using the non-hydrolyzable ATP analogue adenosine 5′-\[β, γ-imino\]-triphosphate (AMP-PNP), which mimics the ATP-bound state (Figure [2D](#F2){ref-type="fig"}). Our results are generally consistent with previous biochemical analyses reporting that the human DAIH mutant with ATP or wild-type RHAU with AMP-PNP were all able to bind G4 but had lost the ability to unfold G4 ([@B25]).

Previously, it was reported that various superfamily 2 helicases such as HCV NS3 helicase, assume different conformations between their nucleotide-free state and when bound to ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$, an ATP-analog mimicking the ATP hydrolysis intermediate state before the ATP cleavage step ([@B39]). We reasoned that ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$ could induce a similar conformational change of DmRHAU. Using the aforementioned force-jump assay in the presence of ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$ and DmRHAU, we found that G4-15T unfolded in less than 30 s after jumping to 54 pN (Figure [3](#F3){ref-type="fig"}). In addition, we estimated the lifetime of G4-15T to be 4 ± 0.7 s (mean ± s.e., n = 67, from 5 molecules). This unfolding rate is similar to that obtained from the naked G4, suggesting that in ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$ bound state RHAU cannot stabilize G4-15T. In addition, in the presence of ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$, DmRHAU bound to G4-15T with similar binding affinity as compared to in the absence of nucleotides (Supplementary Figure S9). These results indicate that ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$ can indeed induce a different binding mode of DmRHAU on G4, which abolishes the stabilization effect on G4-15T. We also examined the effect of ADP-bound DmRHAU and found that DmRHAU bound and stabilized G4-15T similarly to the nucleotide free DmRHAU (Supplementary Figure S10). Taken together, these results suggest that the interaction between DmRHAU and G4 is tightly regulated by different nucleotide-bound conformations. In addition, all the non-hydrolyzable nucleotides bound states analyzed in our study did not show significant destabilization effects on G4-15T suggesting that the destabilization of G4 by DmRHAU likely requires concerted conformational changes of DmRHAU driven by ATPase cycle.

![Effects of DmRHAU on G4-15T in the presence of ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$. Representative time trace of extension change of a G4-15T tether at 54 pN obtained in force-jump cycles of 1 pN (60 s) to 54 pN (30 s) before (left) and after (right) introduction of DmRHAU and ADP·AlF$\documentclass[12pt]{minimal}
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}{}$_4^-$\end{document}$. Unfolding events are indicated by arrows.](gkw881fig3){#F3}

The ΔRSM mutant binds but cannot destabilize G4-15T {#SEC3-3}
---------------------------------------------------

The 13-amino acids RSM at the N-terminus of RHAU has been shown specifically to interact with G4 ([@B25],[@B26]). Thus, we next studied the requirements of G4 binding by the RSM in G4 stabilization and destabilization using a spliced recombinant form of DmRHAU lacking the RSM motif (ΔRSM; Supplementary Figures S1 and S11). To this end, we employed the force-jump assay using the G4-15T for ΔRSM both in the absence and presence of ATP. Surprisingly, we observed that in the absence of ATP the ΔRSM mutant was still able to bind and stabilize the G4 similarly to that observed when wild-type DmRHAU was used (Figure [4A](#F4){ref-type="fig"}). This result suggests that there is at least one extra yet-to-be identified G4 binding domain in DmRHAU which is crucial for G4 stabilization in the absence of ATP. The presence of such an extra G4 binding domain is also consistent with prior data that the RSM alone has a lower affinity for G4 than the full-length protein ([@B25],[@B26]). In the presence of ATP, the average lifetime of the folded G4 at 54 pN was 11 ± 1 s (mean ± s.e., n = 39, from 3 molecules) similarly to that observed for naked G4. Compared to the sub-second lifetime at 54 pN observed for the wild-type DmRHAU in the presence of ATP, this result also indicates that the deletion of the RSM domain significantly impaired the G4 destabilizing ability of DmRHAU, which is consistent with the observation in a previous biochemical assay ([@B25]). Overall, these results suggest that the RSM domain is not dispensable for G4 binding but necessary for G4 destabilization.

![Effects of DmRHAU ΔRSM mutant on G4-15T. Representative time trace of extension changes of a G4-15T tether at 54 pN obtained in force-jump cycles of 1 pN (60 s) to 54 pN (30 s) using ΔRSM mutant in the (**A**) absence or in the (**B**) presence of ATP.](gkw881fig4){#F4}

Removal of the 3′ ssDNA loading tail does not substantially reduce DmRHAU binding to G4, but results in decreased ATP-dependent G4 destabilization {#SEC3-4}
--------------------------------------------------------------------------------------------------------------------------------------------------

A 3′ ssDNA loading tail can usually facilitate DEAH-box helicase unwinding activity ([@B36],[@B37]). In the current study, we developed a RNase T1-coupled G4 unfolding assay and found that a 3′ loading tail of a minimum length of 8 nucleotides is also required for unfolding an intramolecularly folded G4 by DmRHAU (Supplementary Supplementary Figure S12). To further investigate the role of the ssDNA loading tail in substrate binding and in the subsequent G4 unwinding, we tested whether the DmRHAU can recognize, bind and unfold G4 devoid of a 3′ loading tail (hereafter referred as 'tail-less G4'), using the force-jump assay. We kept 3 nucleotides at the 3′ end as a spacer between the G4 and the dsDNA handle. Our results showed that in the absence of ATP, DmRHAU bound and stabilized the tail-less G4, similarly to that observed for the 3′-tailed G4-15T (Figure [5A](#F5){ref-type="fig"} and Supplementary Figure S13).

![Effects of the 3′ ssDNA loading tail on G4 binding and destabilization. (**A** and **B**) Representative time trace of extension changes of a tail-less G4 tether at 54 pN obtained in force-jump cycles of 1 pN (60 s) to 54 pN (30 s) using DmRHAU in the (**A**) absence or in the (**B**) presence of ATP. (**C**) NADH-coupled ATPase activity assay for DmRHAU in the presence of various DNA substrates including G4-15T, tail-less G4, a 15-nt long oligo dT(15T), a 1:1 ratio mixture of G4 and 15T, and a control without any DNA substrate.](gkw881fig5){#F5}

After introduction of DmRHAU and ATP, the tail-less G4 was not unfolded within 30 s in about 28% of the cycles, in sharp contrast to the result obtained for G4-15T under the same concentration of DmRHAU and ATP where G4 was already unfolded before jumping to 54 pN. In addition, compared to the ∼4.8 s lifetime of naked tail-less G4 at 54 pN (Supplementary Figure S2), this result also indicates that the tail-less G4 was bound and stabilized by DmRHAU even in the presence of ATP in 28% of the cases (Figure [5B](#F5){ref-type="fig"}, hollow triangle).

In ∼38% of the cycles (n = 99, from 3 molecules), the average lifetime was 8 ± 1 s (mean ± s. e., n = 39) (Figure [5B](#F5){ref-type="fig"}, arrows), similarly to that observed for naked G4. In the remaining ∼33% of the cycles, the DNA was in the extended state right after jumping to 54 pN, indicating that the G4 was already unfolded prior to the force-jump. In addition, we found that the removal of the loading tail caused nearly a 4-fold decrease in the ATPase activity of DmRHAU at saturating DNA concentrations (Figure [5C](#F5){ref-type="fig"}).

Overall, these results suggest that under our experimental conditions, G4 binding and stabilization by DmRHAU in the absence of ATP does not require a long ssDNA tail. An important finding is that a minimal 8-nt long 3′ ssDNA tail is required for both a robust stimulation of ATPase activity and ATP-dependent G4 destabilization activity of DmRHAU.

DISCUSSION {#SEC4}
==========

Our single-molecule studies show that binding of DmRHAU stabilizes an intramolecularly folded G4 in the absence of ATP or in the presence of AMP-PNP or ADP. In contrast, DmRHAU destabilizes G4-15T when it is coupled to ATP hydrolysis. Similar G4 stabilization (in the absence of ATP) and destabilization (in the presence of ATP) was also observed for human RHAU suggesting that the G4 binding mode is conserved among various RHAU orthologues. Further, we show that the G4 binding RSM domain of DmRHAU and the 3′ loading tail of the DNA substrate are dispensable for DmRHAU\'s stabilization of G4, whilst they are strictly needed for G4 destabilization.

Based on the observed effects of different nucleotide-bound states of DmRHAU on G4 stability, we propose a model to account for the ATP-dependent stabilization and destabilization activities of RHAU (Figure [6](#F6){ref-type="fig"}). In this model, RHAU binds to a G4 structure in (i) nucleotide-free or (ii) ATP-bound form with high affinity, resulting in stabilization of G4. When RHAU enters an ATP hydrolysis (iii) intermediate state, RHAU likely undergoes conformational changes that result in loss of G4 stabilization. We speculate that subsequent conformational changes of RHAU, probably driven by product release, are involved in (iv) the final unfolding of the G4 structure. Regarding refolding of the G4, it might occur when bound to RHAU or after release. This will need further investigations.

![Model for ATP-dependent G4 destabilization by RHAU. RHAU (represented by its two RecA-like domains, the conserved C-terminal domain and the N-terminal RSM domain) binds to the G4 substrate in both (i) nucleotide-free and (ii) ATP-bound states. G4 destabilization occurs during (iii and iv) ATP hydrolysis and the following ADP or phosphate release steps. The RHAU--ssDNA binding interface is drawn based on the structure of a closely related DEAH-box helicase ([@B29]). The binding interface of RSM domain with G4 is drawn based on a recent NMR-solved structure ([@B26]).](gkw881fig6){#F6}
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Our results show that the DmRHAU can tightly bind to a G4 devoid of any ssDNA loading tail, indicating a direct and attractive interaction between DmRHAU and its substrate that provides energy to stabilize the G4. In addition, we find that the 3′ single-stranded loading tail of the G4 is dispensable for the tight binding of DmRHAU, but it is required to stimulate the ATPase activity and G4 unfolding. This result suggests that the sensing of G4 by DmRHAU does not require directional translocation of the helicase along a single-stranded nucleic acid. This is consistent with a recent study reporting that human RHAU uses a local and non-processive mechanism to unwind G4 structures ([@B30]). Previous studies on RHAU identified the N-terminal RSM domain as a G4 binding domain ([@B25],[@B26]). Our observation that DmRHAU lacking the RSM domain was able to bind the G4 indicates that RHAU must contain one or more additional G4 binding domains. Apart from the 3′ tail requirement, our results suggest that to initiate G4 unwinding, RHAU needs to be locked into a highly specific conformation through the collaborative binding of various domains with the G4 substrate.

During the review process of this work, a fluorescence resonance energy transfer (FRET)-based study of G4 destabilization by human RHAU was published ([@B41]). That work was based on the change of FRET efficiency between a Cy3 dye at the end of a 3′ ssDNA loading tail and a Cy5 dye at the 5′ side of G4. The authors observed a decreased FRET efficiency upon binding of RHAU in the absence of ATP, implying an increased distance between Cy3 and Cy5, which was interpreted as a result of G4 unwinding. However, an increased distance between the Cy3 and Cy5 dyes can alternatively be explained by a steric effect upon binding of RHAU. Therefore, we do not think there is a conflict in the experimental observations between that work and ours.

CONCLUSION {#SEC5}
==========

Our experiments provide the first evidence that the unfolding rates of a G4 structure can be modulated by different nucleotide-bound states of a helicase. Taking insights from previous structural studies of similar helicases crystallized with different nucleotides, our finding suggests that the conformational changes of RHAU driven by ATPase cycle play an important role in RHAU-mediated G4 unfolding. We furthermore demonstrate that besides the previously identified specific G4 binding RSM domain, there is at least another G4 binding domain that stabilizes the G4 in the absence of ATP. We show that RHAU stabilizes a G4 substrate devoid of 3′ ssDNA loading tail in the absence of ATP, suggesting that the stabilization occurs through a direct interaction between RHAU and the G4. Taken together, these findings provide new insights into the mechanism of the RHAU mediated regulation of G4 stability.
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